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Abstract
Gait control becomes more demanding in healthy older adults, yet what cognitive or
motor process leads to this age-related change is unknown. The present study aimed
to investigate whether it might depend on specific decay in the quality of gait motor
representation and/or a more general reduction in the efficiency of lower limb motor
control. Younger and older healthy participants performed in fMRI a virtual walking
paradigm that combines motor imagery (MI) of walking and standing on the spot with
the presence (Dynamic Motor Imagery condition, DMI) or absence (pure MI condi-
tion) of overtly executed ankle dorsiflexion. Gait imagery was aided by the concomi-
tant observation of moving videos simulating a stroll in the park from a first-person
perspective. Behaviorally, older participants showed no sign of evident depletion in
the quality of gait motor representations, and absence of between-group differences
in the neural correlates of MI. However, while younger participants showed
increased frontoparietal activity during DMI, older participants displayed stronger
activation of premotor areas when controlling the pure execution of ankle dors-
iflexion, regardless of the imagery task. These data suggest that reduced automaticity
of lower limb motor control in healthy older subjects leads to the recruitment of addi-
tional premotor resources even in the absence of basic gait functional disabilities.
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1 | INTRODUCTION
Age-related changes in gait control are well known, yet their central
neural correlates are largely unexplored. On the one hand, gait distur-
bances have a substantial impact in healthy aging because falls during
locomotion constitute a major source of injury and limited mobility,
thus deeply affecting the quality of life (Alexander, 1996; Gillespie
et al., 2012). On the other hand, previous studies have shown that
cortical control over supraspinal centers consolidates during childhood
and resumes being more prominent with senescence, possibly
because of impoverished automaticity of motor control in the later
decades of life (Boisgontier et al., 2013; Ruffieux, Keller, Lauber, &
Taube, 2015). Cortical control is responsible for the adaptation of
automatic gait patterns to environmental cues (Liston, Mickelborough,Lucia Maria Sacheli and Laura Zapparoli equally contributed to this work.
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Bene, & Tallis, 2003; Nutt, 2013), allowing obstacle negotiation or
daily-life activities like walking while talking. It mainly involves the
recruitment of an extensive frontoparietal network, which is especially
vulnerable to age-related physiological decay (Seidler et al., 2010): this
may justify why the above-mentioned everyday-life functions become
more demanding even in healthy older adults (Saimpont, Malouin,
Tousignant, & Jackson, 2013). However, this issue has been scarcely
investigated at the neurophysiological level and by using functional
magnetic resonance (fMRI) techniques.
Exploration of the neural correlates of walking per se, let alone
the effects of aging, using functional imaging poses some obvious
practical challenges due to the constraints of the fMRI setting.1 Motor
Imagery (MI) represents a useful tool for addressing this issue while
overcoming some pragmatic limitations of the imaging setting. MI is
defined as a mental state in which real movements and the
corresponding neural activity are internally evoked without overt
muscular contraction (Jeannerod & Frak, 1999; Munzert & Zentgraf,
2009). According to the simulation theory (Jeannerod, 2001), common
motor representations guide MI and movement planning, as shown by
evidence that MI and overt movement execution share common tem-
poral features (“isochrony,” Decety & Michel, 1989) and similar
anatomo-functional correlates (see Hétu et al., 2013 for a review).
Thus, MI has become a widely-used proxy to study and train motor
representations in healthy subjects and clinical populations (see
Munzert, Lorey, & Zentgraf, 2009 for a review), because it allows for
the simulation of complex motor acts within constrained experimental
settings as those required by the application of neuroimaging tech-
niques (see, for instance, Lotze, Scheler, Tan, Braun, & Birbaumer,
2003; Ruby & Decety, 2001; Sacco et al., 2006). Although being an
indirect measure of overt motor behaviors, MI proved to be highly
reliable. With regard to gait behavior, for instance, previous studies
have consistently shown that gait MI tasks show neural correlates
that are highly overlapping with the cortical and subcortical structures
involved in gait motor control and navigation (Bakker et al., 2008;
Bakker, Verstappen, Bloem, & Toni, 2007; Jahn et al., 2004, 2008).
MI has also been widely applied to track changes in motor repre-
sentations across the life-span (see Saimpont et al., 2013 for a
review). Behaviorally, a good correlation between imagined and exe-
cuted movement timings in older individuals has been widely reported
(Personnier, Paizis, Ballay, & Papaxanthis, 2008; Skoura, Papaxanthis,
Vinter, & Pozzo, 2005), suggesting that isochrony might be preserved
in aging, at least for simple movements. Yet, imagery might be less
vivid in healthy older individuals when imagining more complex
actions (Mulder, Hochstenbach, van Heuvelen, & den Otter, 2007;
Zapparoli, Gandola, Banfi, & Paulesu, 2019), with lower reliance on
kinesthetic features in favor of more visual strategies (Zapparoli et al.,
2013; Zapparoli et al., 2016). With regard to gait, isochrony seems to
be preserved in “young” older adults (up to 70 years of age, Skoura
et al., 2005; Schott & Munzert, 2007), although gait control may
require additional computational resources, especially when gait is
performed in parallel with a cognitive task, as suggested by the poor
performance that healthy older adults (Boisgontier et al., 2013; Ruf-
fieux et al., 2015) and neurological patients affected by movement
disorders (Nieuwhof et al., 2017) typically show at “dual-task” para-
digms. The reasons for this performance decay are still poorly under-
stood, and a description of which supplemental neurocognitive
resources might overcome it is lacking.
Neurofunctional evidence accumulated so far is insufficient to shed
light on this issue. Previous fMRI studies comparing gait MI in younger
and older participants show that, in spite of similar behavioral outcomes,
additional neural resources might be required by older adults to maintain
performance at a juvenile-like level (Allali et al., 2014; Wai et al., 2012;
Zwergal et al., 2012) in line with compensatory hypotheses of graceful
aging (see for instance Reuter-Lorenz & Cappell, 2008; Berlingeri et al.,
2010). Importantly, to count as properly “compensatory,” these addi-
tional neural resources should show a linear relation with the individuals'
level of performance (i.e., the higher an area is activated in older partici-
pants, the higher the performance should be, Cabeza et al., 2018). Differ-
ent distributions of possibly compensatory patterns of brain activity
have been reported: while some studies have shown hyper-activations in
older as compared to younger participants in prefrontal regions (Allali
et al., 2014; Blumen, Holtzer, Brown, Gazes, & Verghese, 2014), others
have highlighted the involvement of more posterior activations in
somatosensory, vestibular, and visual brain regions (Wai et al., 2012;
Zwergal et al., 2012), although none of these studies reported correla-
tions between brain activations and the participants' behavioral perfor-
mance in gait imagery or gait execution.
The practical implications of this contradictory evidence remain
limited, especially concerning the potential role that gait MI might
have for the prevention of falls and for motor training in patients who
tend to be older (like neurological and orthopedic patients). Previous
studies do not bring evidence on what eventually makes the gait
imagery task more difficult for older adults. For instance, on the one
hand, one might hypothesize that it is the more “cognitive” side of gait
motor control to be more affected in aging, that is, those motor cogni-
tive processes related to navigation and obstacle negotiation that are
mainly controlled by frontoparietal areas (Liston et al., 2003; Nutt,
2013). On the other hand, it might well be that aging affects to a
greater extent lower levels of gait motor control, for example, the effi-
ciency of the brain network controlling the execution of rhythmic
lower limb movements. These two possibilities, which are not mutu-
ally exclusive, can be seen as a “higher” versus “lower” level of age-
related changes in gait motor control. Along the same line, one might
wonder whether the addition of internal (motor) and external (visual)
cues might ease the task for older individuals and thus reduce the
need for additional resources permitting to achieve a better outcome
at mental training based on gait MI.
1.1 | Aims of the study and working hypotheses
To overcome the aforementioned ambiguities and give a novel look at
healthy aging and gait representations, in this study we applied a
recently devised paradigm (Sacheli et al., 2018) that combines MI of
walking and standing on the spot with the presence (dynamic motor
imagery [DMI] condition) or absence (pure MI condition) of overtly
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executed ankle dorsiflexion. DMI has been defined as a MI task that
includes overt movements or body configurations mimicking those
mentally rehearsed to provide proprioceptive feedbacks that resemble
those of the imagined movements (Guillot, Moschberger, & Collet,
2013). As a proxy of actual walking patterns, we selected ankle dors-
iflexion because it is applicable to the fMRI environment, and its neu-
ral underpinnings proved to correlate with actual walking
performance (Dobkin, Firestine, West, Saremi, & Woods, 2004).
This design allowed us to test two main hypotheses. First, the
direct comparison between younger and older participants' neural acti-
vations in a purely imaginative but visually-guided gait imagery task
(MI condition) allowed us to test whether it requires additional neural
resources in older participants and particularly the recruitment of pre-
frontal cortices (see Allali et al., 2014; Blumen et al., 2014), which might
indicate that the internal simulation of “higher level” processes involved
in gait motor control (like those required for simulating navigation)
become more cognitively demanding in older participants. Second, by
comparing the neural correlates of purely imaginative (MI) and DMI
tasks between younger and older participants, we aimed to test
whether the additional proprioceptive feedbacks and increasing motor
demands characterizing DMI facilitate the recruitment of brain motor
resources during gait imagery in all participants and particularly in
healthy older participants. The availability of a baseline condition in
which ankle dorsiflexion is performed without the request of imagining
to walk allowed us to finally test whether “lower level” processes
involved in gait control like the mere performance of simple rhythmic
foot movements become more cognitively demanding for the older
adults. If so, one would expect stronger recruitment of cortical regions
in older than younger participants for the mere execution of the motor
task. Before fMRI examination, the participants also performed a men-
tal chronometry task to measure the quality of gait motor representa-
tions and guide the interpretation of our fMRI findings.
We had the following expectations compatible with two alterna-
tive scenarios. A former “representational impairment” hypothesis,
whereby voluntary recall of gait kinesthetic sensations through imag-
ery is deficient in healthy older participants, would be satisfied if they
showed performance decay at the behavioral task, and if the neural
correlates of the MI task would show in the older group hyp-
oactivation of motor and premotor regions and hyperactivation of
alternative neural resources, possibly in prefrontal cortices (see Allali
et al., 2014; Blumen et al., 2014). In this former scenario, propriocep-
tive signals provided by DMI might then facilitate the recruitment of
gait-related motor areas during the imagery task. On the contrary, a
“reduced efficiency in lower limb motor control” hypothesis would be
satisfied if the mere execution of rhythmic foot movements, indepen-
dently of imagery of walking, was sufficient to saturate the motor/
premotor network, suggesting that older participants need more cog-
nitive resources to control the execution of simple foot movements
and that this might be independent from more “higher level” motor
cognitive processes involved in walking tasks.
We had no a priori expectation in favor of one or the other sce-
nario, but what counts here is that our experimental design allowed
us to compare the two possibilities analytically.
2 | MATERIALS AND METHODS
2.1 | Participants
Twenty-one healthy older participants (12 males, age 66.33 ± 6.83;
education 13.14 ± 4.19 years) and twenty-one younger adults
(10 males, age 25.48 ± 3.22; education 15.52 ± 2.69 years) were
included in the study. The older participants were the same who were
included in the healthy sample of a previous paper from our group
(Sacheli et al., 2018). None of the participants reported any current or
previous motor hindrance, or any history of neurologic or psychiatric
disease. All subjects were right-handed according to the Edinburgh
Handedness Inventory (Oldfield, 1971).
All volunteers were preliminarily screened with two tests of
global cognitive functioning, the mini mental state examination
(Folstein, Folstein, & McHugh, 1975) and the Raven's colored progres-
sive matrices (Raven, Bulheller, & Häcker, 1984), to exclude the pres-
ence of between-group differences. Older participants were also
screened at long-term and short-term verbal memory tests (Novelli
et al., 1986) to exclude deficits due to pathological aging. One partici-
pant in the older group did not perform the Raven's colored progres-
sive matrices and one in the younger group did not perform both
neuropsychological tests; all tested participants scored in the normal
range. Importantly, the two groups did not differ for education
(puncorr = .09), nor in MMSE (puncorr = .60) and Raven's colored pro-
gressive matrices scores (puncorr = .27) once correction for age and
education was performed.
We also administered the vividness of movement imagery ques-
tionnaire (VMIQ, Isaac, Marks, & Russell, 1986), in order to assess
whether self-reported MI general abilities were different between the
two groups; the VMIQ scores of younger and older subjects were not
significantly different (puncorr = .21).
The experimental protocol was approved by the Local Ethics Com-
mittee (Comitato Etico Ospedale San Raffaele) and carried out in accor-
dance with the ethical standards of the 1964 Declaration of Helsinki
and later amendments. All participants provided written informed con-
sent to take part in the study and had no contraindication to MRI.
2.2 | Procedure
Both groups underwent the same experimental procedure, that
included motor execution and MI tasks performed outside the scanner
and a MI “virtual walking” paradigm executed during fMRI, which was
either associated or not with overt foot movements (Sacheli
et al., 2018).
2.2.1 | Behavioral task and data analysis
The behavioral tests aimed to assess the quality of gait MI in both
groups. This was accomplished by measuring the duration of motor
execution and MI of a short walk during a standardized test, the
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Timed-Up-and-Go (TUG; Podsiadlo & Richardson, 1991), in the ver-
sion developed by Beauchet et al. (2010). Subjects were seated,
allowed to use the armrests to stand up and instructed to walk 3 m,
turn around, walk back to the chair and sit down saying “stop.” Times
for each condition were recorded with a stopwatch to the nearest
0.01 s. The stopwatch was started on the command “ready–set–go”
and stopped as the subject sat down and said “stop.” For the imagined
condition, subjects sat in the chair and were instructed to imagine per-
forming the TUG (imagined TUG, iTUG) with their eyes closed and to
say “stop” when they were finished. Participants performed both the
TUG and the iTUG twice and we averaged the times of the two trials.
To assess mental chronometry abilities (CA) we calculated the time
discrepancy between the TUG and the iTUG with the following for-
mula (Allali et al., 2014): CA = (TUG − iTUG)/[(TUG + iTUG)/2]. CA
was separately calculated per trial and the results were averaged to
obtain one outcome measure. The lower the CA score, the smaller the
difference between times recorded during the TUG and the iTUG,
which would index better isochrony and higher MI abilities.
To test group differences in TUG and iTUG time durations, a
2 × 2 factorial analysis of variance (ANOVA) was performed, with
group (older vs. younger adults) as a between-subjects factor and task
(MI vs. ME) as a within-subjects factor. Group differences in CA were
measured by means of a t test for independent samples. All data were
normally distributed according to Kolmogorov–Smirnov and Shapiro–
Wilks test (all ps > .1) after log-transformation of raw values was
applied. The Levene's test was also not significant (all ps > .1), indicat-
ing no violation of between-group equality of variance.
2.2.2 | fMRI task
The gait imagery task performed in the MRI scanner was the same as
described in the paper by Sacheli et al. (2018).
The task required participants to perform MI of walking in two
different conditions, in which overt foot movements were either asso-
ciated (“DMI” condition) or not (pure MI condition, MI) with the imag-
ery tasks. Gait imagery was aided by in-motion visual stimuli of a path
in a park shown in first-person perspective. As a baseline condition,
stationary movies were shown, and participants were required to ima-
gine “standing on the spot”. In a full-factorial design, we examined
age-related differences in brain activations during gait imagery
(as compared to imagery of standing still) and modulation thereof
introduced by DMI. Our full factorial design also allowed us to mea-
sure, in a control analysis, between-group differences in the neural
correlates of foot movement execution.
Stimuli and procedure
During the fMRI session, the participants watched 15 s naturalistic
videos of a path leading through a park in two conditions: (a) in-
motion, “virtual walking” condition (Walk), or stationary, standing con-
dition (Stand) that served as baseline. Throughout the experiment,
participants were asked to imagine standing (Stand) or walking along
the path (Walk) as if the camera were “their own eyes” (see also Iseki,
Hanakawa, Shinozaki, Nankaku, & Fukuyama, 2008). In the Walk con-
dition, the scene moved forward at a speed compatible with slow
human walking rhythm (≈ 1.1 m/s). Naturalistic scenarios depicted
two different paths that were shown as either ascending or des-
cending (see Sacheli et al., 2018). At the beginning of each video, a
written prompt with either the instructions “no foot movement” or
“move your feet” was displayed for 3 s. In the “move your feet” condi-
tion (50% of the trials), the participants executed alternate ankle dors-
iflexion (Dobkin et al., 2004) in-step with the rhythm of their imagined
gait pattern (in the Walk condition). The participants were instructed
to maintain this rhythm throughout the experiment whenever cued to
make foot movements (i.e., also in the Stand condition): when the
Stand condition was combined with foot movements, participants
were told that a daily life analogue of the task would have been
stepping on the spot. The experimenter monitored the participants'
foot movements during the entire session to ensure they followed the
instructions. Scans in which a participant failed to respond to the
prompt, that is, did not move the feet when cued to “move your feet,”
or vice-versa, were discarded from the analysis (10 scans in one par-
ticipant and 20 scans in a second one in the group of older partici-
pants). Finally, eight times per run (two per experimental condition),
the participants were asked whether the path that they had just seen
ascended or descended. The purpose of these attention-getter ques-
tions was to keep participants focused on the videos.
The fMRI run lasted 11.5 min and 230 scans were acquired. The
first 10 scans, corresponding to visualization of task instructions, were
discarded from the analysis. The run included 32, 15 s videos, that is,
eight per experimental condition (i.e., Walk-MI, Stand-MI, Walk-DMI,
and Stand-DMI), for a total of 40 scans acquired per experimental
condition.
Before starting the fMRI session, the participants practiced the
task outside the scanner tube (while seated on a chair) for about
10 min, so that they could familiarize with the videos and learn to cor-
rectly execute ankle dorsiflexion when prompted. Afterwards, they
shortly familiarized with the rhythmic ankle dorsiflexion movements
while lying down before entering into the scanner tube.
Foam padding was applied around the head to minimize head
movements; a semicircular cushion supporting the legs was provided,
so that the participants could freely move their ankles without bend-
ing their knees.
Stimuli presentation was controlled by Cogent 2000 MATLAB
Toolbox (MathWorks). Visual stimuli were delivered using VisuaStim
fiber-optic goggles (800 × 600 pixel resolution). Responses were
recorded through a response box placed under the participant's right
hand (Resonance Technology Inc., Northridge, CA). Subjects' ankle
dorsiflexion movements were video-recorded, in order to calculate
the movement frequency and to compare it across different condi-
tions (Walk-DMI/Stand-DMI) and groups (Young/Old).
fMRI data acquisition
MRI scans were acquired using a Siemens Magnetom Avanto 1.5 T
scanner (Siemens AG, Erlangen, Germany), equipped with gradient-
echo echoplanar imaging. Two hundred thirty functional volumes
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were acquired for each subject (flip angle 90, TE 60 ms, TR 3000 ms,
FoV 250 mm, matrix 64 × 64, 31 slices, slice thickness 4 mm, inter-
leaved acquisition). The first two brain images (TR periods) from the
functional run were necessary to allow for steady-state tissue magne-
tization and were thus not collected. A MPRAGE high-resolution
T1-weighted structural image was also acquired for each subject (flip
angle 35, TE 5 ms, TR 21 ms, FOV 256 × 192 mm, matrix 256 × 256,
TI 768, for a total of 160 axial slices with 1 × 1 × 1 mm voxels).
Preprocessing
Raw functional data were reconstructed and converted from the
DICOM to the NIfTI format using the MRIcron software (www.
mccauslandcenter.sc.edu/crnl/mricron/). The subsequent image
manipulations and statistical analyses were performed in the MATLAB
platform (2016b, Math Works, Natick, MA) with the Statistical Para-
metric Mapping software package (SPM12 - Wellcome Department of
Imaging Neuroscience, London, UK). Functional images were first
realigned to the first acquired volume and unwarped to minimize the
effect of the subjects' movement during the session. The high-
resolution T1-weighted structural image of each participant was seg-
mented and normalized to the Montreal Neurological Institute (MNI)
stereotactic space to allow between-subject comparison (Ashburner &
Friston, 2005), and it was then co-registered to the realigned and
unwarped functional volumes. The functional images were then nor-
malized by applying the Deformation Fields estimated during the seg-
mentation of the structural data, and the data matrix was interpolated
to produce voxels 2 × 2 × 2 mm in dimension. The normalized scans
were finally smoothed using a Gaussian filter with 10 × 10 × 10 mm
as full width at half-maximum (FWHM) value, to improve the signal-
to-noise ratio in the data.
An additional step was included in order to reduce the impact of
movement artifacts by using the Artifact detection Tools (ART,
Withfield-Gabrieli https://www.nitrc.org/projects/artifact_detect/).
This toolbox allows identifying and discarding from the analyses the
scans that could lead to artefactual statistical effects due to excessive
movement. Thresholds were set at 1 mm scan-to-scan head move-
ment and 3 SD of scan-to-scan global signal intensity change. Experi-
mental subjects that exhibited more than 20% outlier scans in the
whole experimental run or more than 20% outlier scans in at least one
of the relevant experimental conditions would have been excluded
from the subsequent statistical analyses. No participant included in
the final sample (21 younger and 21 older adults) exceeded these
thresholds. Overall, we excluded 5.3 ± 3.3% of scans in the Younger
group and 6.15 ± 3.3% of scans in older group, and the number of
excluded scans did not differ between the groups (p = .44).
Statistical analysis
Preprocessed functional volumes were entered in a two-level statisti-
cal analysis procedure based on the General Linear Model. This
allowed testing for statistical differences in the blood-oxygen-level
dependent (BOLD) signal within the different experimental conditions
in the two groups. The signal was analyzed by a convolution with a
canonical hemodynamic response function (Worsley & Friston, 1995).
No global normalization was performed. The time series was high-pass
filtered at 128 s to remove artifactual contributions to the fMRI signal
such as noise from cardiac and respiratory cycles, and it was pre-
whitened by means of an autoregressive model AR(1). Each of the
videos during which the participants performed the gait imagination
task represented a single trial in a block design, identified by its spe-
cific onset and a fixed duration of 15 s.
At the first level, a within-subjects fixed-effect analysis allowed the
condition-specific effects to be estimated. In particular, each of the fol-
lowing conditions corresponded to a specific regressor: Walk-MI,
Stand-MI, Walk-DMI, Stand-DMI. Moreover, specific regressors of no
interest were defined for the written prompts (lasting 3 s each) and the
attention-getter questions regarding the slope of the scenarios (lasting
8 s each). Realignment parameters from the preprocessing steps of the
analysis were also included in the GLM as regressors of no interest, as
well as specific regressors generated by the ART toolbox to exclude the
outlier scans that exceeded the movement thresholds.
At the second level of analysis (group analysis), two orthogonal
2 × 2 ANOVAs were employed. First, we evaluated groups differ-
ences and similarities in the activation patterns associated to MI and
DMI (Virtual Walking analysis); second, in a control analysis we mea-
sured group differences and similarities in the cortical activations
associated with actual foot movements (Foot Movement analysis).
Virtual walking analysis
We investigated age-related differences in the neural correlates of MI
of gait by comparing the brain responses during the in-motion videos
(Walk videos) with those collected while the participants imagined
standing on the spot (Stand videos that served as baseline), and by
separately analyzing the trials where explicit ankle dorsiflexion was
present (MI condition) or absent (DMI condition). The group-analysis
was thus based on the following linear contrasts (calculated at the
single-subject level): (a) “Walk(MI) > Stand(MI)”, and (b) “Walk(DMI) >
Stand(DMI)”.
Both the MI and DMI contrasts carry the implicit motor compo-
nent of the imaginative task. Importantly, in the “Walk(DMI) >
Stand(DMI)” contrasts the explicit motor component (linked to overt
movement) is canceled out by the subtraction between two condi-
tions (Walk [DMI] and Stand [DMI]) both associated with overt foot
movements, while the implicit motor component of the imaginative
task is preserved. Thus, after removal of the pure motor component,
the DMI contrasts convey, relative to the MI ones, the additional neu-
ral resources necessary for combining the gait imagery task with overt
foot movement execution.
The (a) “Walk(MI) > Stand(MI)”, and (b) “Walk(DMI) > Stand(DMI)”
contrast images for both the young and the old groups were entered
into a 2 × 2 factorial ANOVA, with Group (older vs. younger adults) as
between-subject factor and the Imagery-type (MI vs. DMI) as a
within-subject factor. This allows evaluating (a) general group differ-
ences in gait imagery (main effect of Group), (b) general difference
between MI and DMI (main effect of Imagery-type), and (c) group dif-
ferences in the way MI and DMI are dealt with by the two groups
(interaction effect).
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We also mapped the overall main effect of virtual walking (linear
contrast: 1 1 1 1) to identify the brain regions associated gait imagery,
and the between-group differences and similarities separately per
each Imagery-type (DMI and MI) by calculating simple between-group
effect contrasts and the conjunction effects.
Foot movement analysis
As a control analysis, we mapped age-related differences in the
motor network responsible for foot movement execution. At the
first-level of statistical analysis (single-subject level), we calculated
the following linear contrasts: (a) “Stand(DMI) > Stand(MI)”, and
(b) “Walk(DMI) > Walk(MI)”. These contrasts convey information on
the cortical activations recorded during explicit foot movement exe-
cution during the stand versus walk condition, where the implicit
motor component of the imagery task is subtracted out by the base-
lines. These contrast images were entered into a 2 × 2 factorial
ANOVA, with Group (old vs. young) as a between-group factor and
the imaginative Task (walk vs. stand) as a within-subject factor. In
this analysis, we were specifically interested in testing simple
between-group effects, and we thus evaluated age-related differ-
ences in the neural correlates of foot movement execution, both as
a main effect and separately for the Stand and Walk condition. We
also mapped the overall main effect of Foot Movements (linear
contrast: 1 1 1 1) to identify the brain regions associated with the
execution of lower limb movements compatible with gait behaviors
(i.e., ankle dorsiflexion, see Dobkin et al., 2004).
All reported results survive a cluster-wise family-wise error rate
(FWER) correction for multiple comparisons (pFWER < .05). The
cluster-wise correction was applied to data having applied a
10 × 10 × 10 Gaussian smoothing and at puncorr < .001 at the voxel-
level, as recommended by Flandin and Friston (2019). All tables also
report which activation peaks also survived the FWER correction for
multiple comparisons at the voxel-level.
3 | RESULTS
3.1 | Behavioral results: Gait motor performance
and mental CA
The ANOVA on TUG and iTUG times showed a main effect of Task (F
[1,40] = 47.51, p < .001), indicating that iTUG times were shorter than
real TUG times in both groups (mean TUG times 7.96 ± 1.44 s; mean
iTUG times 6.64 ± 2.18 s, Figure 1). No significant effect of Group
(p = .67) or Group by Task interaction (p = .62) was found. The t-test
indicated the absence of significant between-group differences in CA
F IGURE 1 Behavioral results at
the timed up and go (TUG) task.
Upper panel: a representation of the
TUG and group comparison of
chronometry abilities (CA) (indexed
by the mean of within-subject
differences between duration of gait
imagery and execution, see main
text). Error bars indicate SEM Lower
panel: the timings required by
participants to execute (TUG) and
imagine (iTUG) the task. Gray lines
indicate the singlesubject data and
black thick lines indicate the group
means
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(t[40] = .42, p = .68, Figure 1). To sum up, the group of older subjects
did not show neither dysfunctions of basic gait functional mobility,
nor impairment in MI abilities.
3.2 | Behavioral results: Ankle dorsiflexion
movements
Non-parametric independent sample tests showed a significant differ-
ence between the two groups in terms of ankle-flexion frequencies:
movement frequency was lower in the older subjects compared to the
younger ones; however, this was true for both the Walk(DMI) (Mann–
Whitney test's U = 32, puncorr = .049, Cohen's d [effect size] = −0.96;
mean frequency young 1.70 +/− 0.83 movements per second [mov/s];
mean frequency old 1.08 +/− 0.27 mov/s) and Stand(DMI) condi-
tions (Mann–Whitney test's U = 32, puncorr = 0.042, Cohen's d [effect
size] = −1.01; mean frequency young 1.71 ± 0.83 mov/s; mean fre-
quency old 1.05 ± 0.28 mov/s).
3.3 | fMRI results. Virtual walking analysis
3.3.1 | Main effect of virtual walking
(contrast 1 1 1 1)
Overall, the main effect of task activated an extensive network in the
occipital, parietal and frontal lobe, including, on the one hand, the
frontoparietal regions of the median wall, basal ganglia and mesence-
phalic regions responsible for foot movement motor control, and, on
the other hand, dorsal premotor and posterior parietal regions associ-
ated with the adaptation of gait patterns to environmental cues
(Table S1; Figure 2).
3.3.2 | Main effect of group
The ANOVA showed no significant main effect of Group.
3.3.3 | Main effect of imagery-type
Five clusters (having their peaks in the supplementary motor area, cer-
ebellum, right inferior frontal gyrus, and bilaterally in the parietal oper-
cula) showed a main effect of Imagery-type, being more active in the
MI than the DMI task (Table S2). No area showed a significant effect
in the opposite direction as a main effect (DMI > MI).
3.3.4 | Interaction effect
The main effect of Imagery-type was further specified by a significant
Group × Imagery-type interaction, showing that group modulated the
difference between brain activations in MI as compared to DMI in
frontoparietal regions and in the cerebellum (Table 1). In particular,
the left and right premotor cortices were more active during MI as
compared to DMI in the older participants, and in DMI as compared
to MI in the younger participants (Figure 3b,c). This suggests that
younger and older participants applied different neurocognitive
F IGURE 2 The main effects of the tasks. The main effect of virtual walking (green) and the main effect of foot movements (red) have been
superimposed (left) and illustrated separately (right). Only clusters surviving FWER-correction for multiple comparisons have been reported
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strategies to deal with the DMI task. No area showed a significant
interaction effect in the opposite direction, that is, no area was more
strongly recruited by older adults in the DMI as compared to the MI
task, or by younger adults in the MI as compared to the DMI task.
Direct group comparisons separately tested in the two imagery
conditions supported these results by showing hypo-activations in
DMI in older as compared to younger participants bilaterally in
frontoparietal regions and in the superior temporal gyrus (Table 2 and
Figure 4). Older participants showed no hypo- or hyper-activation as
compared to younger participants in MI, where no group difference
was found.
Direct within-group comparisons between Imagery-types were
also coherent with the pattern that emerged from the interaction
effect. Older adults recruited the cortical regions responsible for gait
motor control more strongly during MI than DMI: these activations
included, bilaterally, the superior frontal gyrus and the insula, the left
inferior and middle frontal gyri, the precentral gyrus, and the supple-
mentary motor area; they also included parietal, occipital and tempo-
ral regions and the cerebellum (Table S3). On the contrary, younger
adults showed hyper-activation in DMI as compared to MI bilaterally
in two clusters extending from the precentral to the postcentral and
inferior parietal gyri (Table S4).
Importantly, these effects were independent of the specific fea-
tures of the visual stimuli observed by participants, because stimuli
were identical in the MI and DMI conditions.
3.3.5 | Conjunction analyses
Finally, conjunction analyses complemented the findings reported
above by showing that the areas in common between older and youn-
ger participants differed depending on the Imagery-type. While both
TABLE 1 Interaction effect in the
virtual walking analysis (contrast 1 -1
-1 1)
Left hemisphere Right hemisphere
Brain area (BA) X Y Z Z-score X Y Z Z-score
Frontal lobe
Sup. frontal gyrus (6) −22 −10 48 5.0* 24 −8 64 3.8
SMA −8 −18 58 3.8
SMA (6) −8 4 52 4.3
−4 6 66 4.0
Precentral gyrus 32 −20 42 4.6
Precentral gyrus (6) −32 −10 52 4.6 26 −10 56 4.8*
32 −24 70 4.6
42 −12 56 4.4
18 −18 60 3.8
28 −18 56 3.6
20 −22 60 3.6
Central operculum 56 0 6 4.3
Parietal lobe
Postcentral gyrus −24 −42 50 4.2 30 −28 70 4.7*
30 −24 40 4.5
50 −14 48 4.0
Postcentral gyrus (3) −56 −22 46 4.1 46 −20 58 4.3
−52 −16 42 3.8 38 −30 54 3.9
Paracentral lobule (4) −6 −22 58 3.8
Sup. parietal lobule (2) −36 −42 66 4.7*
Sup. parietal lobule (40) −34 −36 44 4.2 40 −46 62 4.8*
Temporal lobe
Sup. temporal gyrus (22) 54 0 −8 3.3
Cerebellum
Cerebellum-III lobule 14 −30 −22 4.9*
Note: x, y, and z are the stereotactic coordinates of the activations in the Montreal Neurological Institute
(MNI) space. Voxel-level statistical threshold p < .001uncorr. All reported voxels are included in clusters
surviving the family-wise error rate (FWER) correction at the cluster-level. (*) Z-scores statistically
significant also after FWER correction at the voxel-level.
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visual and motor areas (including medial and lateral premotor cortices)
were commonly recruited by younger and older participants to per-
form the MI task, mainly visual and visuo-motor areas in the occipital
and parietal lobes were commonly recruited during the DMI task
(Table S5 and Figure 3a).
3.4 | fMRI results. Foot movements analysis
3.4.1 | Main effect of foot movement
(contrast 1 1 1 1)
The execution of foot movements recruited, bilaterally, the insula, the
middle cingulum, the paracentral lobule, the supramarginal gyrus, the
parietal operculum, and the thalamus, the basal ganglia and the cere-
bellum (Table S6 and Figure 2).
3.4.2 | Between-group difference in foot
movement execution
The analysis revealed no significant main effect of Group in either direc-
tion. However, the simple effect of Group during imagery of Standing on
the spot revealed bilateral hyper-activation of premotor areas (including
the left superior frontal gyrus and supplementary motor area and, bilater-
ally, the precentral gyrus) in older as compared to younger participants
(Table 3 and Figure 4). No between-group difference in the neural corre-
lates of foot movement execution was present during imagery of Walking.
4 | DISCUSSION
Motor representations map the kinematic and proprioceptive features
of bodily movements: they develop when actions are actually
F IGURE 3 The conjunction and interaction effects in the Virtual Walking analysis. (a) The areas commonly activated by younger and older
participants during MI (green) and DMI (blue) as shown by the results of the Virtual Walking analysis. (b) The areas showing an interaction
effect in the Virtual Walking analysis. (c) The plots report the parameter estimate (beta values) for the two clusters included in the interaction
effect that also showed a significant effect of group in DMI (in this figure, we used the simple group effect of DMI [DMI_Young > DMI_Old
contrast] as an explicit mask). Only activations surviving FWER-correction for multiple comparisons at either the cluster or voxel level have
been reported
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executed (Jeannerod, 2001; Mylopoulos & Pacherie, 2017) and are
somatotopically anchored to the cerebral cortex, in primary motor,
premotor and parietal areas. The brain regions involved are prone to
the anatomical and physiological challenges associated with aging
(Seidler et al., 2010). Since a decline in the quality of motor represen-
tations or an impoverished motor control might enhance the risk of
traumatic injuries in older subjects (Sleet, Moffett, & Stevens, 2008), a
systematic description of age-related changes in motor representa-
tions and their neurophysiological underpinnings acquires primary
importance, especially with regard to motor acts strictly linked to the
quality of daily living like walking.
We applied a visually-cued MI task (Sacheli et al., 2017; Sacheli
et al., 2018) to examine age-related differences in the neural corre-
lates of gait motor representations by testing a group of younger and
older healthy volunteers. In our full-factorial design, we tested
whether the presence or absence of overt foot movements compati-
ble with gait motor patterns during a DMI condition might facilitate
the recruitment of neural motor resources during the gait
imagery task.
It is crucial to remember that both the MI and DMI conditions
had a matched baseline that involved imagining to stand on a spot,
which was associated (DMI) or not (MI) with ankle dorsiflexion. Thus,
TABLE 2 Between-group differences
in the Virtual Walking analysis, Younger >
Older in DMI
Left hemisphere Right hemisphere
Brain area (BA) X Y Z Z-score X Y Z Z-score
Insula
Insula 44 4 −4 3.5
36 −18 2 3.1
Frontal lobe
Precentral gyrus 38 −12 34 3.8
Precentral gyrus (6) −26 −18 50 4.2 30 −24 70 4.5
−34 −12 54 3.9 24 −14 62 4.3
26 −10 56 4.2
48 −12 50 4.0
40 −8 34 3.7
24 −12 50 3.6
Parietal lobe
Precentral (4)/postcentral gyrus 36 −26 52 4.4
34 −22 48 4.2
44 −20 46 3.7
Postcentral gyrus (3) −32 −30 56 3.8 36 −20 44 4.2
44 −20 56 4.1
34 −26 46 4.1
56 −8 34 3.6
Supramarginal gyrus 50 −30 −30 3.6
Occipital lobe
Precuneus (5) 14 −46 58 4.0
Temporal lobe
Sup. temporal gyrus 56 −2 4 4.2
58 −8 4 4.1
50 2 −6 3.4
42 −16 4 3.4
46 −18 2 3.2
46 −14 4 3.2
Sup. temporal gyrus (21) 54 2 −10 3.5
Note: x, y, and z are the stereotactic coordinates of the activations in the Montreal Neurological Institute
(MNI) space. Voxel-level statistical threshold p < .001uncorr. All reported voxels are included in clusters
surviving the family-wise error rate (FWER) correction at the cluster-level.
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the activations shown in the DMI condition report the areas that were
significantly more active during gait MI associated with ankle dors-
iflexion as compared to ankle dorsiflexion associated with imagery of
standing on the spot.
Altogether, our design allowed us to better reveal the nature of
age-related differences in gait motor control by testing whether these
are mainly due to impairment in “higher level” cognitive processes
linked to walking behavior, including the ability to mentally evoke kin-
esthetic sensations linked to gait and to simulate navigation during
the virtual walking task (“representational impairment” hypothesis),
and/or to reduced efficiency in “lower level” motor control involved in
the execution of rhythmic limb movements (“reduced efficiency in lower
limb motor control” hypothesis).
Our results revealed two main findings. First, older participants
showed, outside the MRI scanner, mental CA similar to those mea-
sured in younger ones, indicating no sign of evident depletion in the
quality of gait motor representations; this is in line with previous stud-
ies on young-old individuals (i.e., older adults in their 60s, Skoura
F IGURE 4 Dorsal premotor regions involved in lower limb motor control. The premotor regions that were significantly more active during
DMI in younger than older participants (Virtual Walking analysis, blue), and during ankle dorsiflexion in older as compared to younger participants
(Foot Movements analysis, red) have been superimposed. The violet areas represent the overlaps. Only clusters surviving FWER-correction for
multiple comparisons have been reported
TABLE 3 Between-group differences
in the Foot Movements analysis, Older >
Younger during imagery of Standing on
the spot
Left hemisphere Right hemisphere
Brain area (BA) X Y Z Z-score X Y Z Z-score
Frontal lobe
Sup. frontal gyrus −20 −8 44 3.6
SMA −16 −4 46 3.6
−10 −12 46 3.4
−12 −8 46 3.4
Precentral gyrus (6) −34 −14 54 4.7* 42 −10 58 4.5
−26 −14 52 4.7* 38 −10 56 4.5
−24 −14 56 4.3 32 −16 70 4.3
26 −16 52 3.6
22 −16 54 3.4
24 −12 50 3.4
Parietal lobe
Postcentral gyrus −44 −22 60 3.5
Note: x, y, and z are the stereotactic coordinates of the activations in the Montreal Neurological Institute
(MNI) space. Voxel-level statistical threshold p < .001uncorr. All reported voxels are included in clusters
surviving the family-wise error rate (FWER) correction at the cluster-level. (*) Z-scores statistically
significant also after FWER correction at the voxel-level.
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et al., 2005; Saimpont et al., 2013). These behavioral results were
paralleled by the absence of between-group differences in the neural
correlates of MI at our Virtual Walking task performed during fMRI.
Second, the request to coordinate gait MI with compatible overt foot
movements during the DMI task determined what appeared as hyp-
oactivation in older as compared to younger participants in premotor
regions. However, the control analysis performed on foot movement
execution revealed that this apparent hypo-activation emerged at
least partly because older participants showed stronger recruitment of
premotor cortical regions in the baseline condition when controlling
the mere execution of rhythmic ankle dorsiflexion.
Taken together, our results indicate that older adults might find it
difficult to deal with the simultaneous control of gait imagery and
ankle dorsiflexion because of lower efficiency of lower limb motor
control and because the mere execution of ankle dorsiflexion is a cog-
nitively demanding task for them. Below, we elaborate on these sug-
gestions and discuss implications for gait rehabilitation.
4.1 | Virtual walking (MI) in healthy aging
Our results suggest that gait motor representations per se might be
preserved in “young” healthy older individuals with no walking distur-
bances, and that gait MI might thus require no additional neural
resources in this population. These results are in contrast with the
(limited) previous literature available so far, indicating compensatory
hyper-activation in older as compared to younger participants either
in prefrontal (Allali et al., 2014; Blumen et al., 2014) or vestibular,
somatosensory and visual cortices (Wai et al., 2012; Zwergal et al.,
2012). Crucially, however, previous studies applied MI tasks that dif-
fered from the present one. For instance, while Zwergal et al. (2012)
asked older participants to perform the imagery task with closed eyes,
Allali et al. (2014) employed a visually-aided task that yet implied
static images.
On the contrary, the present study implemented a virtual walking
task (see also Iseki et al., 2008) that uses first-person ecological mov-
ing stimuli to facilitate the identification with the situation of per-
forming a quiet stroll in the park. This discrepancy might justify the
lack of consistency with previous findings: obviously, the results of
the present study might have changed in case no visual cues were
provided. This might be assessed by future studies that directly com-
pare gait imagery in the presence versus absence of dynamic visual
cues and that also include an explicit assessment of participants' com-
pliance during the task. However, we believe that our results suggest
that virtual walking stimuli might constitute a (low-cost) valuable tool
to facilitate the imagery task in healthy aging. Indeed, both younger
and older participants recruited the whole network involved in gait
motor control during the MI virtual walking condition: it largely over-
lapped with the frontoparietal regions of the median wall responsible
for foot movement motor control but also included premotor and
parietal areas involved in navigation (Figure 2). Overall, our results
indicate that performing visually-guided gait MI might not be particu-
larly challenging in healthy older participants, and that healthy older
subjects with no walking disturbances might be characterized by the
preserved ability to internally simulate both the kinesthetic sensations
evoked by gait behaviors and navigation (i.e., they might be character-
ized by the absence of higher level “ representational impairment”).
4.2 | DMI of gait and dorsal premotor activations
in young subjects
The scenario impressively changed in the DMI condition. Here, youn-
ger participants showed bilateral hyperactivations (as compared to
older adults) of dorsal premotor (dPM) areas. Although the dPM cor-
tex is not typically included in the network responsible for gait execu-
tion (La Fougère et al., 2010), its role in locomotor control has long
been suggested (Freund & Hummelsheim, 1985; see also Nakajima,
Fortier-Lebel, & Drew, 2019). dPM activations similar to those
described here have been previously reported during gait MI (Malouin
et al., 2003), and it has been shown that dPM recruitment mediates
gait recovery after stroke (Miyai et al., 2003) and might be crucial for
visually-guided gait control. Interestingly, it also plays a role in mediat-
ing visually-guided improvements of gait initiation in patients with
Parkinson's disease (Hanakawa, Fukuyama, Katsumi, Honda, &
Shibasaki, 1999), and lesions to this area result in an impaired ability
to adapt gait to turns or navigate through narrow passages, with inad-
equate responses to external cues (Liston et al., 2003; Nutt, 2013).
Finally, the portion of dPM described here has also been reported by
Buccino et al. (2001) for the observation of foot movements, and by
Sahyoun, Floyer-Lea, Johansen-Berg, and Matthews (2004) during the
execution of active as compared to passive foot movements,
supporting the hypothesis that the dPM is endowed with a motor rep-
resentation of lower limb actions.
DMI has been recently proposed as a suitable tool for gait rehabil-
itation (Fusco et al., 2014; Fusco et al., 2016), but, to our knowledge,
its neurofunctional underpinnings were yet unexplored. This study
provides the first evidence that, in younger participants, DMI is indeed
effective in recruiting similar neural resources as compared to MI, at
least as far as MI of gait is concerned. However, it also requires addi-
tional resources, most likely to face the requirement for the integra-
tion of multiple motor representations. Within this line, DMI might be
interpreted as a “motorically more demanding” task. For instance,
Kanthack et al. (2016) reported that in young basketball players the
advantage of DMI over a pure MI mental rehearsal vanished in a con-
dition of physical fatigue, that is, in a situation characterized by a
reduction of the available resources.
4.3 | DMI and foot movement control in older
adults
So far, no study specifically applied DMI in healthy older adults nor
the neural correlates were measured. We anticipated two alternative
scenarios, with divergent implications for gait rehabilitation. According
to a “representational impairment” hypothesis, older participants should
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have shown performance decay at the behavioral task coupled with
hypoactivation of premotor regions and hyperactivation of alternative
neural resources, possibly in prefrontal cortices (see Allali et al., 2014;
Blumen et al., 2014), during the MI task. This would have suggested
that older adults have a specific difficulty in voluntarily recalling the
kinesthetic sensations linked to gait motor patterns and in simulating
navigation, and that a motor trigger might have a beneficial effect for
rehabilitation purposes. Our data do not support this scenario at the
neurofunctional level, at least when subjects are tested without previ-
ous training.
On the contrary, our results indicate that the absence of age-
related differences in MI was coupled with a relative hypo-activation
for DMI in older as compared to younger participants in two bilateral
dPM clusters extending from the superior frontal to the precentral
gyri. These regions correspond to those that are recruited during
active as compared to passive or electrically stimulated ankle dors-
iflexion (Francis et al., 2009) and they are largely overlapping with
those hyper-activated in older as compared to younger participants
during repetitive ankle dorsiflexion (Figure 4). This indicates that the
apparent hypoactivation shown by older participants during the DMI
condition was due to the fact that premotor activations were actually
subtracted out in this condition by the strong recruitment of premotor
cortical regions during the “imagine to stand (or, better, to step on the
spot)” condition that served as baseline in the DMI contrast (see
Methods). This is in line with the “reduced efficiency in lower limb motor
control” hypothesis. Indeed, this pattern suggests that a reduced effi-
ciency in the motor control of the lower limbs led older adults to
recruit additional premotor resources to execute the mere ankle dors-
iflexion. In the DMI condition, the further request of combining ankle
dorsiflexion with gait imagery resulted in a comparative drop of neural
activations because additional motor cognitive resources were not
available to deal with the more demanding task, due to a competition
within the same neural circuitry (Nijboer, Borst, van Rijn, & Taatgen,
2014). This pattern is in line with claims that aging is characterized by
a reduction of available resources (Cabeza, 2002), at least in the motor
domain.
Since the pattern of results was associated with preserved iso-
chrony in the gait mental chronometry task in older participants, the
motor difficulty was not associated, we argue, with decay in the qual-
ity of gait motor representations. On the contrary, results speak in
favor of a “reduced efficiency in lower limb motor control” hypothesis.
The higher cognitive load required by gait in healthy aging, which
leads to decay in performance during concurrent cognitively
demanding tasks like walking while talking (Blumen et al., 2014),
might not be due to a specific deficit in the gait motor control net-
work; rather it might reflect a higher cognitive control generally
required by older adults to execute rhythmic lower limb movements.
Gait rehabilitation in healthy aging might thus take advantage of the
spared motor representations to train and improve automaticity in
motor control. This acquires primary importance in the face of evi-
dence that lower limb motor control might show a lower efficiency
even in older adults with no disturbances of central or peripheral
origin.
5 | CONCLUSIONS
DMI has shown positive effects in younger adults in terms of higher
imagery vividness, temporal coupling with motor execution, and better
performance (Fusco et al., 2014; Guillot et al., 2013; Kanthack et al.,
2016). It is a potential tool to enhance the quality of MI in MI-based
training protocols. In a previous study (Sacheli et al., 2018), we have
shown that DMI might also be effective in engaging in a mental practice
task orthopedic patients who had lost the ability to recall the kinesthetic
and proprioceptive sensations linked to gait execution due to a long-
lasting functional limitation. In this case, the motor trigger proved to
facilitate the engagement of motor-related processes during imagery.
Moreover, a recent large multicenter randomized controlled trial has
demonstrated that, in older adults with a high-risk of falls, intensive
training with a virtual walking task similar to the one used in our DMI
condition (i.e., actual gait execution in a nonimmersive virtual reality—
VR-environment), had a significant effect on reducing the rate of falls
with respect to the control treatment based only on a treadmill stroll
without the virtual reality component (Mirelman et al., 2016). This evi-
dence is encouraging on the possibility of applying virtual reality
enhanced training strategies for primary or even secondary prevention
of falls. However, a word of caution is needed here for the DMI, which
is not fully equivalent to the VR enhanced treadmill exercise: our results
show that in older subjects, who still have no functional limitations and
good MI abilities, a DMI task, without prior training, may be too demand-
ing. It remains an open issue whether specific training at the DMI task
and similar ones can be associated with better performance with clinical
implications for rehabilitation and prevention of falls.
More generally, our findings complement previous evidence on
young subjects (Kanthack et al., 2016) and suggest that—in a life-span
perspective—a wise use of DMI as a proxy to study and/or rehabilitate
motor functions shall involve an assessment of the individual and con-
textual conditions (e.g., aging, cognitive status, physical fatigue) possi-
bly affecting the resources available for its performance.
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ENDNOTE
1 One possible exception is the clever use of FDG-PET activation para-
digms that permit the acquisition of the data after walking and the accu-
mulation of the tracer in the brain. However, this method is limited in
terms of number of observations that can be reasonably made in each
individual, typically not more than two (see for instance La Fougère
et al., 2010).
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